The transport of small-molecule transmitters into secretory vesicles is facilitated by specific transporters in vesicular membranes (Reimer et al. 1998) . The force that drives accumulation of transmitter against an adverse concentration gradient is provided by the vacuolar proton pump, vH + -ATPase (Johnson, 1988) . This pump is expressed in secretory organelles of all eukaryotes (Finbow & Harrison, 1997) . The importance of the transmembrane proton gradient in transmitter accumulation was demonstrated by inhibiting the vH + -ATPase with bafilomycin, which decreased the amplitude of miniature postsynaptic currents in neurons (Zhou et al. 2000) . Similarly, postsynaptic recordings at the neuromuscular junction and amperometric studies of catecholamine-secreting adrenal chromaffin and PC12 cells demonstrated that their quantal size is also decreased following exposure to weak bases that alkalinize vesicles (Van der Kloot, 1987; Sulzer et al. 1995; Mundorf et al. 1999) .
Proton uptake by the vH + -ATPase generates both a proton gradient (DH + ) and an electrical potential (DC) across vesicular membranes (Njus et al. 1986; Johnson, 1988) . The magnitude of DH + is thus limited by the membrane conductance to counterions, the translocation of which compensates for the influx of positively charged H + . For example, lysosomal membranes rapidly acidify when treated with ATP in Cl _ -containing media because their high Cl _ permeability allows Cl _ entry to compensate for the H + influx (Schneider, 1981) . It has also been shown that Cl _ stimulates the activity of the vH + -ATPase in isolated chromaffin vesicles (Pazoles et al. 1980; Cidon & Nelson, 1983; Johnson, 1988) .
The internal milieu of the secretory vesicles of bovine adrenal chromaffin cells has been studied extensively. In fact, the initial identification of the vH + -ATPase was performed in these vesicles (Cidon & Nelson, 1983) . The internal pH of isolated chromaffin vesicles has been Stimulation-dependent regulation of the pH, volume and quantal size of bovine and rodent secretory vesicles reported to be ~5.6 (Pollard et al. 1979; Njus et al. 1986; Johnson, 1988) . Studies that have used the trapping of radiolabelled or fluorescent weak bases or nuclear magnetic resonance to estimate the DH + of isolated vesicles have suggested that the internal acidity of vesicles is constitutive rather than regulated (Pollard et al. 1979; Njus et al. 1986; Johnson, 1988) . The secretory vesicles of chromaffin cells are also thought to be loaded with a fixed quantity of catecholamines (Johnson, 1988) . If the content of synaptic vesicles were to be fixed, then the quantal size of released transmitter would not be likely to be altered presynaptically. That, however, is not the case; presynaptic modulation of quantal size occurs (Sulzer & Pothos, 2000) . The idea that the loading of chromaffin vesicles is constitutive and maximal is based on the properties of vesicles isolated from bovine chromaffin cells. The possibilities that secretory stimuli might regulate the DH + and transmitter content of the vesicles of intact chromaffin cells or neurons have not yet been experimentally tested.
Although regulation of acidification has been demonstrated to occur in a variety of secretory organelles (Nelson et al. 2000) , the possibility that acidification might similarly be regulated in the secretory vesicles of neuroectoderm-derived cells has not been adequately evaluated. Secretagogue stimulation has been demonstrated to induce the acidification of the secretory vesicles of thyroid parafollicular cells (Barasch et al. 1988; Tamir et al. 1994) , which are 'paraneurons' of neural crest origin (Fujita, 1987) that secrete serotonin (5-HT). Parafollicular cells respond to increased levels of extracellular Ca 2+ and exhibit stimulus-induced vesicle acidification either when they are activated by their natural secretagogue, elevated [Ca 2+ ] o , or by non-specific stimuli, such as depolarization with high K + or phorbol esters. The Cl _ content of the vesicles of stimulated parafollicular cells is increased, confirming that Cl _ serves as the counterion in intact cells that serves to dissipate the DC, that would otherwise restrict the inward translocation of H + ). The DH + , Cl _ conductance and 5-HT uptake of vesicles isolated from stimulated parafollicular cells are all greater than those of vesicles isolated from resting cells. Therefore, stimulation appears to induce a relatively long-lived change in properties of vesicular membranes (Barasch et al. 1988; Cidon et al. 1991) . The secretory vesicles of mast cells are still another example of stimulation-induced acidification; in this case the vesicles have been observed to acidify following the formation of a transient fusion pore with the plasma membrane (Williams & Webb, 2000) . The DH + is also regulated in the insulin-storing vesicles of pancreatic beta cells, which become more acidic as they mature (Orci et al. 1986) , although this was not reported to be related to stimulation.
In this study, we test the hypotheses that the DH + and transmitter contents of dense core chromaffin and secretory vesicles are regulated by stimulation. The weak bases acridine orange and 3-(2,4-dinitroanilino)-3‚-amino-Nmethyl dipropylamine (DAMP), which become trapped in acidic compartments and can be visualized by fluorescent or immunoelectron microscopy, were used to determine the effect of stimulation on the pH of vesicles in intact chromaffin cells and enteric neurons. Amperometry was used to measure the quantal size of catecholamines secreted by chromaffin cells. Both chromaffin vesicles and the synaptic vesicles of enteric neurons were found to acidify following prolonged stimuli that caused cells to secrete. However, endo-and exocytosis were not required for stimulation-dependent vesicular acidification. A subpopulation of chromaffin vesicles was found to increase in volume following stimulation. In addition, we found that the quantal size of a subpopulation of secretory events was increased by prior incubation of chromaffin cells with L-dihydroxyphenylalanine (L-DOPA) or secretory stimulation, and decreased by the collapse of the pH gradient by the weak base chloroquine, the vH + -ATPase inhibitor bafilomycin, or the Cl _ channel blocker 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB). These observations demonstrate that stimulation-induced regulation of the pH of secretory and synaptic vesicles occurs in chromaffin cells and at least some neurons and may represent a novel mechanism contributing to the modulation of secretion and synaptic transmission.
METHODS
Unless stated otherwise, all compounds were purchased from Sigma (Milwaukee, WI). Animal protocols are approved by Columbia University and Tufts University IACUC.
Adrenal chromaffin cultures
For rat-derived cultures, adrenal glands from 2-to 3-week-old male Sprague-Dawley rats, killed by injection of ketamine hydrochloride (100 mg kg _1 ), were dissected in Hank's media (HBSS). The capsule and cortex were removed and the remaining medullae were minced. After several washes with HBSS, cells were dissociated by incubation at 37°C with Ca 2+ -free collagenase IA solution (0.2 %) for 30 min with shaking. The digested tissues were rinsed three times with HBSS and triturated gently for 5 min in a solution containing 1 % bovine serum albumin and 0.02 % deoxyribonuclease. The dissociated cells were centrifuged to form a pellet and resuspended in a medium composed of Dulbecco's modified Eagle's medium (DMEM), enriched with 10 % fetal bovine serum, 50 units ml _1 penicillin, and 50 mg ml _1 streptomycin. The cell suspension was placed onto poly-D-lysine-laminin-coated glass wells in 50 mm dishes, and after 3 h the dishes were flooded with the culture medium. Cells were maintained in a CO 2 incubator at 37°C. Recordings took place between days 3 and 8 post-plating. For electron microscopy, the petri dishes were prepared with Aclar coverslips but were otherwise treated identically.
For bovine-derived cultures, fresh bovine adrenals were dissected in Ca 2+ -Mg 2+ -free Earl's balanced salt solution (EBSS). The medullae were removed and minced into pieces. After several washes, cells were dissociated by incubation at 37°C with collagenase IA solution (0.2 %) containing 0.02 % deoxyribo-nuclease in Ca 2+ -Mg 2+ -free EBSS for 30 min. The dissociated cells were filtered through nylon mesh and then centrifuged to form a pellet. The resulting pellet was resuspended in MEM. Chromaffin cells were further purified by centrifugation on a 10-25 % Ficoll gradient (Pharmacia Fine Chemicals, Peapack, NJ, USA) made in MEM. The purified cells were washed and then resuspended in 50 % DMEM, 50 % F-12 Coon's medium enriched with 5 % fetal bovine serum, 50 units ml _1 penicillin, and 50 mg ml _1 streptomycin. Cells were plated in poly-D-lysine-and laminin-coated glass wells attached in the centre of 50 mm dishes. Ten microlitres of 10 ml of the above solution were plated per well, which yielded ~1000 chromaffin cells per well. Culture media contained the same ingredients as above (50 % DMEM, 50 % F-12 Coon's medium enriched with 5 % fetal bovine serum, 50 units ml _1 penicillin, and 50 mg ml _1 streptomycin). Fetal bovine serum was removed after 24 h and cells were then maintained in serum-free media. Amperometry experiments were conducted between days 3 and 7 post-plating.
Stimulation of cells in vitro for fluorescent and electron microscopy
One hour before stimulation, cultured rat chromaffin cells or Neuro2A cells were rinsed twice with medium A (128 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 25 mM glucose, 10 mM Hepes, 1 mM CaCl 2 , pH 7.4), and 2 ml of the same medium was added to each culture dish. Cells were stimulated by replacing medium A with medium B (80 mM NaCl, 50 mM KCl, 1 mM MgCl 2 , 25 mM glucose, 10 mM Hepes, 1 mM CaCl 2 , pH 7.4) for the indicated duration of time. Alternatively, 10 mM nicotinic receptor agonist, dimethylphenylpiperazinium (1,1-dimethyl-4-phenyl-piperazinium iodide; DMPP) was added to medium A for 10 min. Inhibitors were added 30 min before stimulation. In experiments that used Ca 2+ -free medium, the Ca 2+ was replaced with 1 mM EGTA.
Analysis of acridine orange fluorescence
The trapping of the pH-sensitive dye acridine orange was imaged in cultures either using conventional fluorescence microscopy as previously described (Barasch et al. 1988; Sulzer & Holtzman, 1989; Sulzer & Rayport, 1990) , or using a 2-photon system. Briefly, cells were preincubated with acridine orange (10 nM) for 30 or 60 min before stimulation. Conventional fluorescent images were acquired using a chilled CCD camera (Star 1, Photometrics; 384 w 576 pixels) and a fluorescein filter set (Zeiss). Two-photon imaging (Zeiss, Coherent) used 880 nm excitation and 520 nm emission wavelengths. The laser power was attenuated to 5 % of a maximum. Under these conditions, there was no cellular damage or photobleaching of acridine orange, which enabled the acquisition of multiple images from single cells for kinetic analysis. Changes in acridine orange intensity over time were measured on 16 regions of interest in 16 cells on six micrographs. Background mean pixel intensity levels were subtracted. Data are reported as percentages of control values; means ± S.E.M.
Immunoelectron microscopy of DAMP in chromaffin vesicles in culture Cell stimulation and fixation. 3-(2,4-Dinitroanilino)-3‚-amino-N-methyldipropylamine (DAMP) is a weak base that can be detected in tissues with antibodies to dinitrophenol (DNP) (Anderson et al. 1984; Barasch et al. 1988; Orci et al. 1994) . The cultures were first preincubated in medium A with the addition of 200 mM DAMP (Molecular Probes, Eugene, OR, USA) for 10 min, and then for 40 additional minutes with either medium A (for controls) or B (for stimulation) with the same concentration of DAMP. The cultures were then rinsed in medium A for 5 min, and fixed in 'PLP' fixative (4 % paraformaldehyde, 77 mM lysine HCl, 10 mM sodium periodate, 3 % sucrose in 0.1 M phosphate buffer, pH 7.4) for 1 h at room temperature. The cultures were then rinsed twice for 5 min in medium A.
For processing, the tissue was exposed to 0.5 % sodium borohydrate in 0.1 M phosphate buffer with 3.5 % sucrose (P/S) for 30 min, rinsed in P/S until no bubbles were observed, mordanted with 0.25 % tannic acid in 100 mM P/S for 1 h at 4°C, and then rinsed three times in P/S. The tannic acid was quenched with 50 mM NH 4 Cl in P/S, washed extensively with 100 mM sodium maleate containing 4 % sucrose (pH 6.2) and stained en block with maleate-buffered 2 % uranyl acetate. Once the specimens were dehydrated to 70 % ethanol, the temperature was lowered to 20°C for complete dehydration, clearing and embedding in LR Gold (LR Gold Resin Company Ltd, UK). The LR Gold was polymerized by UV light at _20°C. Thin sections were cut and picked up on nickel grids coated with Formvar.
Post-embedding immunocytochemistry. The sections were treated on the grids with a blocking solution containing 10 % normal goat serum in PBS for 30 min at room temperature. For DAMP, the sections were incubated with a mouse monoclonal antibody to DNP (Oxford Biomedical Research, Oxford, UK) diluted 1 : 100 in 4 % normal goat serum in PBS overnight at room temperature. Grids were subsequently washed in blocking solution and incubated for 2 h at room temperature with goat anti-mouse antibodies coupled to either 10 nm particles of colloidal gold (Amersham, Piscataway, NJ, USA; diluted 1 : 20 in 4 % normal goat serum in PBS) or 5 nm gold particles diluted 1 : 30 in the same solution. The sections were washed in PBS and postfixed with 2.5 % glutaraldehyde in water for 5 min. For micrographs with DAMP antibody only, the sections were stained with aqueous 2 % osmium, uranyl acetate and lead citrate. For micrographs with both DAMP and ferritin antibody, the sections were unstained. Sections were examined with a JEOL 1200 EX electron microscope.
Double labelling with DAMP and cationic ferritin. For immunoelectron microscopy of cationic ferritin, cultures were incubated as for DAMP but with the addition of 0.1 mg ml _1 cationized ferritin (horse spleen derived, Electron Microscopy Sciences, Fort Washington, PA, USA). Subsequent fixation and processing were as for DAMP, except that antibody to ferritin (1 : 50, rabbit anti-horse spleen ferritin, Sigma) was added concurrently with the anti-DNP antibody, and the secondary antibody was goat anti-rabbit coupled to 10 nm gold particles (Amersham).
Immunoelectron microscopy of adrenal chromaffin vesicles in vivo
Male rats (Charles River; 200-250 g) were injected intraperitoneally with 0.5 ml of a 600 mM solution of DAMP. After 40 min, a nicotinic receptor agonist (DMPP; 10 mg kg _1 ) or saline was injected into the femoral veins of experimental or control rats. All animals were deeply anaesthetized 5 min later with ketamine HCl (Fort Dodge Laboratories; 110 mg kg _1 ) and xylazine (Haver; 20 mg kg _1 ). When the animals failed to respond to a tail-pinch, the hearts of the rats were exposed and the tip of an 18 gauge needle connected to a perfusion apparatus was inserted into the left ventricle. The blood was flushed out by perfusion with saline and heparin (4 mg kg _1 ). The animals were then fixed by perfusion for 15 min with 250 ml of a solution containing 4 % formaldehyde (freshly prepared from paraformaldehyde) and 0.5 % glutaraldehyde in 0.1 M phosphate buffer pH 7.4. The adrenal glands were removed and post-fixed by immersion for an additional 1 h in the same fixative. Following Vesicular pH, volume and quantal size fixation, the adrenal glands were cut into small blocks and incubated overnight in 0.1 M phosphate buffer containing 3 % sucrose. The following steps for immunoelectron microscopy are detailed in the preceding section.
Electrochemical recordings
Amperometric electrodes used 5 mm carbon fibres (Amoco). The electrodes were back-filled with 3 M KCl and bevelled at the tip. Electrode response was tested by cyclic voltammetry. A positive 700 mV voltage (vs. a Ag-AgCl ground) was applied to the carbon fibre electrode using a 200B amplifier (Axon Instruments). The output was digitized at 50 kHz, low-pass filtered at 10 kHz and analysed using a locally written Superscope II program (GWI Instruments). For analysis, peaks were at least 4.5 times greater than r.m.s. noise, with 2 pA as a minimum amplitude in all cases, and between 1 and 500 ms in baseline-to-baseline duration. Cells yielding fewer than five amperometric events per stimulation were not included in the analysis. Overlapping events were not included in the analysis of quantal sizes, but were included in the analysis of interspike intervals. The number of molecules oxidized was determined by the relation N = Q/nF, where Q is the charge of the spike, n is the number of electrons transferred (two for catecholamines), N is the number of moles and F is Faraday's constant (96 485 coulombs per equivalent). Statistical analysis of quantal sizes was performed by ANOVA of the means (Sulzer & Pothos, 2000) . Interspike intervals report the mean and S.E.M. for all intervals <5 s. Statistical analysis on interspike intervals was performed using the Kolmogorov-Smirnov test on the cumulative data. Secretagogues were applied from a distance of 20-40 mm from the recording electrode using 3-6 p.s.i. air pressure (Picospritzer, General Valve) for 6 s for a total application of ~7-20 nl.
For amperometric recordings, cells were rinsed three times for 5 min each with physiological saline prior to recording. The recording medium (physiological saline) contained 150 mM NaCl, 2 mM KCl, 1.2 mM CaCl 2 , 1 mM MgCl 2 , 1 mM NaH 2 PO 4 , 25 mM glucose and 10 mM Hepes (pH 7.3). The stimulation medium used for acidification contained 102 mM NaCl, 50 mM KCl, 1.2 mM CaCl 2 , 21 mM glucose and 10 mM Hepes, pH 7.3. The medium used for local injection stimulation (Picospritzer) contained 92.4 mM NaCl, 80 mM KCl, 6 mM CaCl 2 , 21 mM glucose and 10 mM Hepes, pH 7.3.
Expression of botulinum neurotoxin E light chain in neuroblastoma cell line
Neuro2A mouse neuroblastoma cells (a kind gift from Dr Peter Cserjesi, Columbia University, NY) were transfected to constitutively express botulinum toxin E. Botulinum toxin E light chain was amplified from BoNT/E-pCMV plasmid (a kind gift from Dr T. Binz, Hanover, Germany) using primers: 5‚-CCTCCTGCGCTCGAGTCTAGATTACCTTATGCCTTTT-ACAGAA and 5‚-TAATTAACCTAAGCTTGCCACCATGGGA-ATGCCAAAAATTAATAGTTTTAAT, digested with HindIII and Xba 1, and subcloned into pIND vectors to yield BoNT/EpIND. Cells were transfected with Lipofectamine (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. The lines were maintained in DMEM with 8 % FBS, 2 mM L-glutamine, 20 mM Hepes 50 units ml _1 penicillin and 50 mg ml _1 streptomycin in a 5 % CO 2 incubator at 37°C. The medium for the transfected cells also contained 0.75 mg ml _1 neomycin and 0.25 mg ml _1 zeocin, to maintain high levels of expression of the botulinum toxin E light chain by selecting against cells that have lost the transfected gene. Neomycin and zeocin were obtained from Invitrogen (Carlsbad, CA, USA).
Stimulation of enteric neurons in situ
The longitudinal muscle with adherent myenteric plexus (LM-MP) was prepared as previously described (Wade et al. 1994) . Briefly, male guinea-pigs were stunned and exsanguinated. The small intestine was rapidly removed, flushed and placed in a beaker of iced Krebs solution. The LM-MP was dissected from the ileum and suspended in buffer. In control experiments the LM-MP preparation was incubated for 5 min at 37°C with tetrodotoxin (0.5 mM) in oxygenated Krebs solution, followed by incubation for 30 min in the presence of tetrodotoxin and DAMP (200 mM). The experimental tissue was incubated with tetrodotoxin as above, rinsed well and then incubated for 30 min with or without the secretagogues veratridine (1.0 mM) or Gd 3+ (500 mM) in the presence of DAMP. Veratridine opens voltage-gated Na + channels and thus stimulates virtually all enteric neurons (Mawe & Gershon, 1986) while Gd 3+ is an agonist at the plasmalemmal Ca 2+ -sensing receptor (CaR; a heptahelical G-protein-coupled receptor) and stimulates only the subset of enteric neurons that expresses it (Brown & MacLeod, 2001 ). Tissues were rinsed and fixed in the solutions described above for 3 h at room temperature. Tissues were embedded in LR gold and prepared for immunocytochemistry at the electron microscopic level as described above.
Data analysis and calulcations
Estimation of vesicular pH gradients. The internal pH of subcellular organelles was measured at the ultrastructural level by determining the partition of DAMP, which is distributed according to the pH gradient. Measurements of intravesicular pH were accomplished as previously published (Orci et al. 1994) . The area of intracellular organelles was measured using NIH Image software. The density of immunogold particles over neutral compartments (nuclei; D neutral compartment ) and the density of particles over secretory vesicles (D vesicles 
Statistical analysis.
To analyse the intensity of fluorescent images, we assumed normal distribution and used an ANOVA test. For comparing pH values between two populations, which are not normally distributed (see above), we used the non-parametric Mann-Whitney U test. To compare morphological categories of vesicles, we used the x 2 test or Fisher's exact test. For comparing populations of quantal sizes, we used ANOVA of the means. To analyse differences in interspike intervals we used the Kolmogorov-Smirnov test. To estimate changes in proportional volume from areas, we assumed that vesicles are spherical so that:
where A is the area and V is the volume.
RESULTS

Stimulation-induced vesicular acidification
The intracellular trapping of the fluorescent weak base, acridine orange, was used to screen the ability of experimental agents to alter vesicular pH in chromaffin cells and, for those that were found to do so, obtain estimates of the rates of the responses (Barasch et al. 1988; Sulzer & Rayport, 1990; Takamori et al. 2000; Williams & Webb, 2000) . Acridine orange trapping was monitored in cells in situ by two-photon microscopy. After the chromaffin cells were exposed to acridine orange, punctate concentrations (0.5-0.7 mm in diameter) of cytoplasmic fluorescence appeared ( Fig. 1A and B) . The diameter of the fluorescent spots was about twice that of individual chromaffin vesicles (~0.3 mm in diameter). Individual chromaffin vesicles are too small to be resolved individually by the light at the wavelength (520 nm) emitted by acridine orange; the punctate fluorescence could have originated either from single vesicles or from small aggregates of vesicles. Acridine orange, which is known to enter nuclei and intercalate with chromatin, also induced nuclear fluorescence in some cells.
Stimulation of rat chromaffin cells with 50 mM K + greatly increased the punctate fluorescence ( Fig. 1C and D) . This increase reached a maximum after approximately 40 min of exposure. The K + -induced increase in punctate fluorescence was observed in every chromaffin cell examined (n = 16). Stimulation of cells with a nicotinic agonist, DMPP (10 mM, 10 min), also caused the punctate fluorescence to increase significantly (P < 0.01, ANOVA). Both the DMPP-induced increase in punctate fluorescence and that evoked by high K + were abolished by the vH + -ATPase inhibitor bafilomycin (500 nM), the plasma membrane-permeable Cl _ channel blocker NPPB (30 mM), and by carrying out the studies in Ca 2+ -free media (Fig. 1E ). These observations suggest that the high-K + -and DMPPenhanced trapping of acridine orange in cytoplasmic puncta each require vH + -ATPase activity, Cl _ channel permeability and extracellular Ca 2+ . Identical results were observed in mouse and bovine adrenal chromaffin cells (not illustrated).
Ultrastructural identification of chromaffin vesicles
The intracytoplasmic compartments responsible for weak base trapping cannot be identified with certainty by fluorescence microscopy with acridine orange. We therefore studied the trapping of another weak base, 3-(2,4-dinitroanilino)-3‚-amino-N-methyldipropylamine (DAMP), which, like acridine orange, accumulates in acidic compartments, but can be fixed in situ and visualized by electron microscopy (Anderson et al. 1984; Anderson & Pathak, 1985) . DAMP thus identifies the organelles responsible for the stimulation-dependent acidification originally detected with acridine orange. Intracellular DAMP was detected by post-embedding immunocytochemistry with immunogold. The number of gold particles within an organelle reflects the intracellular concentration of DAMP, which is, in turn, proportional to the DH + across the membrane that separates the interior of the organelle from the cytosol. By quantifying the numbers of gold particles, therefore, the DH + could be estimated. DAMP would accumulate in cytoplasmic organelles if either the interior of the organelle became more acidic or the cytosol became more alkaline. Lysosomes are constitutively acidic and would trap more DAMP if the cytosol became alkaline; therefore, the degree to which lysosomes trapped DAMP provided a measurable reference that was employed to verify whether the observed stimulation-induced change in the DH + across the membranes of chromaffin vesicles was due to an alkalinization of the cytosol. Since neither K + nor DMPP caused any change in the numbers of gold particles associated with lysosomes (see below), the cytosol did not alkalinize. The K + -and DMPP-induced increases in the number of gold particles associated with chromaffin vesicles thus reflected vesicle acidification. The number of DAMP particles in nuclei was also determined and used as a reference to estimate the pH within cytoplasmic organelles, assuming that the intranuclear pH is a stable 7.0.
In cultures of rat chromaffin cells, DAMP was found to accumulate in dense-cored secretory vesicles both under control (resting) and stimulated conditions (Figs 2 and 3). The calculated average intravesicular pH of the vesicles of non-stimulated cells was 5.5, a value consistent with that reported in previous studies ( Fig. 4 ; Table 1 ; Pollard et al. 1979; Njus et al. 1986; Johnson, 1988) . Two subpopulations of dense-cored secretory vesicles were identified. In one, the vesicular membrane fitted tightly around the dense cores, while in the other the vesicular membrane was loosely fitting, leaving an electron-lucent halo of >50 nm separating the dense core from the vesicular membrane. The vesicles of the first population, with tightly fitting membranes, were called stable, while the vesicles of the second population, with halos, were called active because their numbers increased when cells were exposed to secretagogues (see below). About 84 % of the dense-cored secretory vesicles of unstimulated cells were classified as stable and only 16 % appeared to be active (Fig. 3) .
The mean areas of the profiles of individual active vesicles were larger than those of stable vesicles (P < 0.01, MannWhitney U test; Table 1 ). If chromaffin vesicles are spherical, the measured profile area would yield a calculated average volume of active vesicles that is 3.8-fold that of stable vesicles. The dense cores of active vesicles usually were smaller and/or more electron-lucent than those of stable vesicles; the difference between the core diameters of the two types of vesicle was difficult to quantify, however, because the borders of the dense cores of active vesicles Vesicular pH, volume and quantal size were indistinct (see Fig. 2B ). The pH of the interiors of active vesicles (pH 5.1) was found to be significantly lower than that of the interiors of stable vesicles (pH 6.1) (a 10-fold difference in H + concentration; Table 1 , P < 0.0001, Mann-Whitney U test).
Stimulation decreased vesicular pH. When cultured chromaffin cells were exposed to high K + (50 mM; 40 min) in the presence of DAMP (Fig. 2B ), a higher fraction of vesicles were labelled by DAMP than in controls (P < 0.0001, population of dense-cored vesicles decreased by 0.5 pH units (P < 0.0001, Mann-Whitney U test; . These data are consistent with the possibility that vesicles convert from a stable to an active morphology (in which the volume of individual vesicles is larger) prior to exocytosis. Exocytosis appears to occur exclusively or predominantly from the pool of active vesicles (see also below).
Effect of bafilomycin and NPPB. When chromaffin cells were exposed to bafilomycin (500 nM, 70 min), the amount of DAMP trapped in dense-cored vesicles decreased, confirming that the DH + , and therefore DAMP trapping in these vesicles, is vH + -ATPase-dependent (Fig. 4) . When chromaffin cells were stimulated with high K + in the presence of bafilomycin, the interiors of dense-cored vesicles did not acidify to the same extent as they did when cells were similarly stimulated with high K + in the absence of bafilomycin (Figs 2C and 3, Table 1 ; P < 0.01, Mann-Whitney U test); nevertheless, the ratio of the H + concentration in the interiors of chromaffin vesicles of cells stimulated with high K + in the presence of bafilomycin to that found in non-stimulated cells exposed to bafilomycin was still increased (Fig. 4, inset) . In fact, this ratio was the same, whether or not cells were exposed to bafilomycin. Bafilomycin, therefore, affects the degree to which the interiors of vesicles can become acidic, but bafilomycin evidently does not affect the coupling of vesicle acidification to high K + stimulation.
Similar effects were observed when chromaffin cells were exposed to the broad-spectrum inhibitor of Cl _ channel permeability, NPPB (Pollock et al. 1998) . NPPB decreased the degree to which vesicles became acidic following stimulation with high K + ; however, as was the case with bafilomycin, the ratio of the H + concentration in the interiors of the chromaffin vesicles of K + -stimulated cells to that of the vesicles of non-stimulated cells was the same whether or not cells were exposed to NPPB ( Figs 2D and 4 The effects of the exposure of cultured bovine chromaffin cells to high K + in the absence or presence of inhibitors of vH + -ATPase (bafilomycin) or flux through chloride channels (NPPB). Values of the area and mean DAMP density are shown as mean ± S.E.M. Cytoplasmic area occupied by vesicles and average pH are non-parametric data. All pH estimates are assessed relative to the nucleus, the internal pH of which is assumed to be 7.0. The numbers of vesicles assayed per condition are shown in Fig. 3 .
When non-stimulated chromaffin cells were exposed to bafilomycin or NPPB, the estimated total number of chromaffin vesicles was found, surprisingly, to increase by 2.6-and 2.1-fold, respectively (Table 2) . At the same time, the size of individual vesicles with either an active or a stable morphology was smaller in bafilomycin-or NPPBtreated cells compared with untreated controls (Table 1) . As also observed for cultures that were not exposed to bafilomycin or NPPB, exposure to high K + decreased the numbers of chromaffin vesicles when stimulation was carried out in the presence of bafilomycin or NPPB (see Table 2 ). This decrease in the number of vesicles was not very different when cells were stimulated with high K + in the absence (to 53 % of that in non-stimulated cells) or presence of bafilomycin (to 42 % of that in cells exposed only to bafilomycin). In contrast, the number of vesicles was decreased much less substantially by exposure to high K + in the presence of NPPB (to 81 % of that in cells exposed only to NPPB). These observations are consistent with the possibility that stimulation-dependent exocytosis is antagonized by NPPB but not by bafilomycin.
In the absence of either bafilomycin or NPPB, the high-K + -induced decline in the number of vesicles was accompanied by a shift in the ratio of active to stable vesicles from 0.19 to 0.99 (Table 2 ). This shift, like that of the numbers of vesicles discussed above, is compatible with the idea that stimulation causes vesicles with a stable morphology to become active. When cells were similarly stimulated in the presence of bafilomycin, the ratio of active to stable vesicles changed from 1.58 to 0.32. Thus, in chromaffin cells exposed to bafilomycin, a greater proportion of vesicles displayed an active morphology prior to stimulation with high K + . In this case, stimulation reduced the total number of vesicles, primarily at the expense of the active pool, which is thus diminished, decreasing the active-to-stable ratio. The number of stable vesicles did not change much after cells were stimulated with high K + in the presence of bafilomycin (Table 2 ). This observation suggests (i) that bafilomycin may have blocked the K + -stimulation-induced conversion of vesicles from a stable to an active morphology, and (ii) that stable vesicles are unable, or less able, to undergo exocytosis than active vesicles.
In the presence of NPPB the ratio of active to stable vesicles changed from 1.18 to 0.98 (Table 2) . Again, as with bafilomycin, exposure to NPPB increased the proportion of vesicles with an active morphology prior to stimulation with high K + . Stimulation in the presence of NPPB moderately reduced the total number of vesicles; however, the ratio of active to stable vesicles hardly changed as a result of stimulation. NPPB, therefore, may interfere both with the loss of vesicles from the active pool due to exocytosis and with the conversion of stable to active vesicles.
Stimulation-induced vesicular acidification is not dependent on exocytosis
Because high K + and DMPP induce exocytosis, the vesicles that are induced by these secretagogues to acidify might be those that have not yet undergone exocytosis, those that have been retrieved from the plasma membrane following endocytosis, or both. To determine which population(s) of chromaffin vesicles undergo stimulusinduced acidification, we exposed cultured chromaffin cells to cationic ferritin, a marker that labels the outside surface of the plasma membrane (Farquhar, 1978) . Because the membrane of secretory vesicles fuses with the plasma membrane during exocytosis, the ectodomains of vesicular membrane proteins become exposed to cationic ferritin. Vesicles that have been retrieved following exocytosis while cells are exposed to cationic ferritin can thus be identified because their luminal surface is labelled by cationic ferritin. The iron cores of ferritin molecules are electron-dense and can be discerned in electron micrographs; however, the identification of ferritin was also confirmed in the current experiments by immunocytochemistry.
Chromaffin cells that were incubated with DAMP and cationic ferritin were stimulated with high K + in order to investigate the relationship between stimulation-induced vesicle acidification and recycling. Double label immunocytochemistry was employed to identify simultaneously vesicles that were induced by K + -stimulation to trap DAMP and the cationic ferritin-labelled vesicles that had undergone recycling following exocytosis. DAMP and cationic ferritin immunoreactivities were identified, respectively, with 5 nm and 10 nm particles of immunogold. As expected, cationic ferritin was observed to label the outer surface of the plasma membrane of all of the chromaffin cells that were incubated in its presence (Fig. 5A) , and was also observed in many internal vesicles, which were thus identified as endosomes containing internalized plasma membrane. In neither stimulated nor resting cells was cationic ferritin found to be present in chromaffin vesicles with either a stable or active morphology ( Fig. 5A and B) . No ferritin was found in 204 counted chromaffin vesicles in non-stimulated cells or in 312 of the vesicles counted in stimulated cells. DAMP-labelled dense-cored vesicles were not labelled by cationic ferritin. Active vesicles do not arise from recycling and, thus, must reflect an effect of cellular activity upon exocytic vesicles.
The suggestion derived from the above-described morphological experiments with cationic ferritin, that stimulation-induced acidification of chromaffin vesicles is independent of exocytosis was tested in another system. Exocytosis can be inhibited in many cells by botulinum toxins, which cleave SNAP-25 (Banerjee et al. 1996) , a component of the SNARE complex, which participates in The number of active and stable vesicles before and after stimulation with high K + was calculated using the data presented in Table 1 . Each K + -stimulated group is compared with its own control (not treated, bafilomycin or NPPB). The data are non-parametric. * The total number of vesicles for each experimental group (N treatment ) was calculated by using the mean profile area of a single vesicle (S treatment ) and the percentage of the cytoplasmic volume occupied by all vesicles (C treatment ) in the corresponding group of cells. The total number of vesicles (N control ), mean profile area (S control ) and percentage of the cytoplasmic volume occupied by all vesicles (C control ) in non-treated cells were used as reference points:
C control S treatment ** The proportions of active and stable vesicles in each population of vesicles were calculated by using the percentage of active vesicles (Table 1) for each experimental condition. † The numbers in parentheses indicate the percentage of stable vesicle population decrease in relation to the total number of vesicles; ((stable not treated _ stable treated )/total not treated ) w 100.
the fusion of vesicles with the plasma membrane (Martin, 1994) . Unfortunately, however, incubation with botulinum toxins does not effectively block secretagogue-stimulated exocytosis in adrenal chromaffin cells (Penner et al. 1986 ). To test the relationship of the acidification of secretory vesicles to exocytosis, therefore, we used a neuroblastomaderived cell line, Neuro2A, which exhibits stimulationdependent secretion from dense-cored vesicles (Chevrier et al. 1991) and produces transformed lines more reliably and stably than lines of cells derived from the adrenal medulla. Neuro2A cells were stably transfected with cDNA encoding the light chain of botulinum toxin E. When botulinum toxin is expressed in neuroblastoma-derived cells (Aguado et al. 1997) , SNAP-25 is totally cleaved and exocytosis is abolished.
The fluorescence of acridine orange was monitored in live native and botulinum toxin E-expressing Neuro2A cells by means of 2-photon fluorescence microscopy in order to evaluate the acidity of secretory vesicles. When the Neuro2A cells were stimulated with 50 mM K + , acridine orange accumulated intracellularly with a punctate distribution, just as it did in similarly stimulated chromaffin cells. The stimulation-induced trapping of acridine orange occurred in both native and botulinum toxin E-expressing Neuro2A cells (Fig. 6) . The expression of botulinum toxin E therefore did not inhibit the stimulation-induced trapping of acridine orange by Neuro2A cells. These observations suggest that stimulation-induced acidification of secretory vesicles occurs whether or not vesicles are able to fuse with the plasma membrane. Vesicles that acidify in response to 
Stimulation acidifies chromaffin vesicles in vivo
Cultured adrenal chromaffin cells are subject to constitutive or frequent stimulation, raising the possibility that the phenomenon of stimulation-induced acidification might only occur in vitro. To examine whether stimulationdependent vesicle acidification also occurs in vivo, we administered DAMP systemically to rats. After 40 min, the DAMP-treated rats were injected intravenously, either with vehicle or with the nicotinic receptor agonist, DMPP, which acts on adrenal chromaffin cells as a powerful secretagogue (Nagayama et al. 1999) . Five minutes following DMPP injection, the animals were rapidly anaesthetized and their adrenal medullae removed. DAMP was visualized by electron microscopic immunocytochemistry and its intracellular distribution analysed.
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Figure 6. Effect of botulinum toxin E expression on stimulation-dependent vesicle acidification
Stimulation-dependent acidification of intracellular sites in native Neuro2A cells (1) and cells expressing BoNT/E-LC (0), as observed by acridine orange accumulation after exposure to 50 mM K + (added at time = 0 min). Each data point represents n = 3 experiments (± S.E.M.), with >30 cells imaged per experiment. There were 548 vesicles analysed in control and 517 vesicles in DMPP-treated animals. The background density of gold particles (determined in preparations not exposed to DAMP) was 0.58 grains mm
_2
. All pH estimates are assessed relative to the nucleus, which is assumed to be pH 7.0.
After administration of DMPP, the fraction of vesicles identified morphologically as active was ~4-fold greater than the fraction of active vesicles in vehicle-treated animals (Fig. 7, Table 3 , P < 0.01, x 2 test). As in the in vitro studies, active vesicles were substantially more acidic than stable vesicles (Table 3 , P < 0.01, Mann-Whitney U test). Administration of DMPP caused the total vesicle population to become more internally acidic (P < 0.01 vs. control; Mann-Whitney U test). This change was mainly due to the profound acidification of the subfraction of vesicles that were classified as active (P < 0.01 vs. control; MannWhitney U test). The internal acidity of the subfraction of vesicles classified as stable was not significantly altered by treatment with DMPP. The average volume of the vesicles (calculated for spherical vesicles from the profile areas; Table 3 ) was increased by 33 %. The proportion of the volume of cytoplasm occupied by stable vesicles decreased from 12.8 to 6.9 % in response to DMPP, while the proportion of the volume of cytoplasm occupied by active vesicles increased from 4 to 11.3 % (Table 3 ). These observations are consistent with the possibility that DMPP stimulation causes vesicles to convert from a stable to an active morphology.
In contrast to cultured chromaffin cells, the internal pH of most of the secretory vesicles of the chromaffin cells of control animals fixed in situ was close to neutral. For this reason, we utilized the internal pH of lysosomes, which are constitutively acidic (Van Dyke, 1996) , as a positive internal control. In contrast to chromaffin vesicles, lysosomes were highly labelled in cells from both control and DMPP-treated animals. The average pH of lysosomes was 5.2 (n = 25) in cells from control animals and 5.4 (n = 14) in those from rats exposed to DMPP. DMPP stimulation, therefore, did not change the H + gradient across the limiting membranes of lysosomes, suggesting that stimulation did not significantly alter the pH of the cytosol. The accumulation of DAMP in lysosomes, moreover, confirmed that our method would have detected internal acidity in vesicles if it had been present. The data also demonstrate that the stimulation-evoked changes in the DpH across the membranes of chromaffin vesicles were due to vesicle acidification rather than alkalinization of the cytosol.
Stimulation-induced acidification of small synaptic vesicles
To determine whether the acidification of secretory vesicles induced by stimulation with secretagogues applies only to the vesicles of endocrine cells, small synaptic vesicles were examined in the axons terminals of neurons in the myenteric plexus of the gut. Both large dense-cored and small electron-lucent vesicles are found in the varicosities of these terminal axons (Gershon & Sherman, 1982) . The longitudinal muscle was dissected with the adherent myenteric plexus from the wall of the guinea-pig small intestine and incubated with DAMP in oxygenated Krebs solution in vitro. The thickness of these preparations averaged ~50 mm. The ongoing spontaneous discharge of action potentials was blocked by the addition of tetrodotoxin. In control preparations, tetrodotoxin was maintained throughout the experimental period. In experimental preparations, tetrodotoxin was washed out and replaced for 30 min with stimulation media containing Gd 3+ (500 mM) or veratridine (1 mM). Gd 3+ is an agonist at the G-protein-coupled plasmalemmal Ca 2+ receptor that is expressed in the myenteric plexus (Cheng et al. 1999) , while veratridine is an activator of voltage-sensitive Na + channels and has previously been demonstrated to activate enteric neurons (Mawe & Gershon, 1986) In the control preparations, the DAMP immunoreactivity of both small clear, and large dense-cored vesicles was not different from background (Fig. 8A) . Lysosomes, however, which were examined in the perikarya and proximal processes of the same neurons as a positive control, were highly labelled by DAMP (Fig. 8A, inset) . Stimulation, either with Gd 3+ (Fig. 8B ), or veratridine (Fig. 8C) , induced the trapping of DAMP in both small synaptic vesicles and large dense-cored vesicles. The proportion of small synaptic vesicles labelled by DAMP in preparations stimulated with Gd 3+ increased from 1 % in control cultures to 5 % (P < 0.01, Fisher's exact test) and the DAMP labelling of large dense-cored vesicles increased from 0 % to 17 % (P < 0.05, Fisher's exact test). Similarly, when cultures were exposed to veratridine, the proportion of small synaptic vesicles labelled by DAMP was increased from 1 % in control cultures to 12 % (P < 0.01, Fisher's exact test), and the proportion of DAMP-labelled large densecored vesicles increased from 0 % in controls to 11 % (P < 0.05, Fisher's exact test). Due to the small area of the vesicles, which are ~50-fold smaller than dense-cored chromaffin vesicles, and small numbers of gold particles over individual vesicles, we did not attempt to calculate the intravesicular pH. These observations suggest that the activation of neurons, like that of endocrine cells, causes the interiors of secretory vesicles (in the case of neurons, both small synaptic and large dense-cored) to become more acidic. The phenomenon thus does not appear to be limited to endocrine cells.
Effect of stimulation on quantal size
It is often assumed that chromaffin vesicles are fully loaded with catecholamines (Johnson, 1988) . Recent evidence from related cells, however, has suggested that this assumption may not be correct. Exposure of PC12 cells, a pheochromocytoma-derived cell line, and dopaminergic neurons from the ventral midbrain, to the catecholamine precursor, L-DOPA prior to stimulation increases the number of catecholamine molecules per secreted quantum (Pothos et al. 1996 (Pothos et al. , 1998 . The assumption that chromaffin vesicles are constitutively filled to their maximum capacity with catecholamines was tested in cultured chromaffin cells by using amperometry with carbon fibre electrodes in combination with electrochemical detection (Michael & Wightman, 1999; Sulzer & Pothos, 2000) . As was observed with PC12 cells and dopaminergic neurons, exposure of cultured bovine chromaffin cells to L-DOPA was found to increase the quantal size of secreted catecholamines (Table 4) . After the chromaffin cells were treated with 100 mM L-DOPA for 40 min, catecholamine release per quantum reached 173 % of control levels (P < 0.0001 by two-way ANOVA of the means). These observations indicate that the vesicles of adrenal chromaffin cells, like those of other catecholaminergic cells and neurons that have previously been investigated, are not constitutively filled to their capacity, but can store more and do so when the cytosolic concentration of catecholamine is raised by administration of precursor.
The observation that the loading of chromaffin vesicles with catecholamine is enhanced when the driving force of the transmembrane concentration gradient is increased suggests that vesicular loading might also be enhanced when another driving force, the transmembrane pH gradient, is increased. Studies of weak base trapping (described above) suggest that chromaffin vesicles become more acidic after the cells are exposed to secretory stimuli. If an increase in the transmembrane pH gradient does enhance the loading of catecholamine into vesicle, then prolonged secretory stimulation would be expected to increase the quantal size of secreted catecholamine. To test this prediction, we used amperometry to compare the quantal size of catecholamine secreted by chromaffin cells maintained for 40 min in the presence of a physiological (2 mM; Fig. 9A ) or an elevated (50 mM; Fig. 9B ) concentration of K + . Statistical analysis of all quantal events from each group of cells revealed significant increase of the mean quantal size in cells stimulated by high K + to 115 % of control values (Table 4 , P < 0.01, Kolmogorov-Smirnov test). This type of statistical approach, however, is highly vulnerable to outlying values (Colliver et al. 1999) . A more accurate statistical analysis can be achieved by comparing the means obtained from each investigated cell (Fig. 9D) . When this was done, the mean quantal size per cell in high-K + -treated cells was found to be increased to 140 % of control values (Table 4 , P < 0.05 by two-way ANOVA test).
In order to analyse subpopulations of quantal events, we replotted all data points as a normal probability distribution plot (Fig. 9E) . In this format, a straight line indicates a normal (Gaussian) distribution of values. This analysis showed that, while the mean values for high-K + -treated and control cells were close (see also Table 4 , first column), the quantal sizes within the highest and the lowest subpopulations of events from the stimulated cells were much larger than those of the equivalent subpopulations of events from control cells. This was particularly striking for the subpopulations of the smaller quantal events. In sum, ~66 % of all quantal events were increased in size in cells that were subjected to prolonged stimulation with high K + .
To verify that an increase in the transmembrane pH gradient of chromaffin vesicles was required for the altered distribution of quantal size in K + -stimulated cells, we investigated the effects of the vH + -ATPase inhibitor bafilomycin (500 nM) on quantal size (Fig. 9C) . The mean quantal size of secreted catecholamine was significantly decreased by bafilomycin to 61 % of control values ( Fig. 9D ; Table 4 , P < 0.01 by two-way ANOVA of the means). In a normal probability distribution plot, the overlap between bafilomycin-treated and control cells occurred only for those events with sizes distributed two or three standard deviations below the mean, indicating that the size of ~98 % of all quantal events had been decreased by bafilomycin (Fig. 9F ). These observations suggest that decreasing the transmembrane pH gradient of chromaffin vesicles diminishes their loading with catecholamine. This suggestion was tested by determining the effect on quantal size of secreted catecholamine of chloroquine, a membranepermeable weak base, which becomes trapped in acidic compartments and increases their internal pH. Chloroquine has previously been demonstrated to alkalinize densecored vesicles in intact cells (Sabban et al. 1990) and to collapse the pH gradient across the membranes of isolated chromaffin vesicles (Sulzer & Rayport, 1990) . Chloroquine thus mimics the effect of bafilomycin on the transmembrane pH gradient of chromaffin vesicles, but does so by a different mechanism. Like bafilomycin, chloroquine Vesicular pH, volume and quantal size decreased the mean quantal size of catecholamine secreted by rat chromaffin cells to 49 % of control levels (Fig. 10C , Table 5 ). The chloroquine-induced shift in the normal probability distribution plot of quantal sizes was quite similar to that induced by bafilomycin (compare Fig. 10E with Fig. 9F ). Finally, exposure of bovine chromaffin cells to a chloride channel blocker, NPPB, also induced a statistically significant decrease from control of the mean quantal size of secreted catecholamine ( Fig. 10C and F ; Table 5 , P < 0.05 by two-way ANOVA of the means).
DISCUSSION
The current data suggest that the internal pH of secretory vesicles is regulated by secretory stimuli in adrenal chromaffin cells and enteric neurons and not, as previously considered, on the basis of experiments with isolated chromaffin vesicles, to be constitutive. Stimulation of chromaffin cells in vitro or in vivo with high K + or the nicotinic acetylcholine receptor agonist DMPP causes the internal pH of their secretory vesicles to fall. The effect of secretory stimulation on the internal pH of chromaffin vesicles was paralleled by the effects of comparable stimuli on the synaptic vesicles in the axonal varicosities of enteric neurons. Both veratridine, an agonist at voltage-gated Na + channels, and Gd 3+ , an agonist at a plasmalemmal G-protein-coupled Ca 2+ receptor, decreased the pH of these synaptic vesicles. Other components of the cisternal space, which like chromaffin and synaptic vesicles express the vH + -ATPase, also regulate transmembrane pH gradients (Nelson et al. 2000; Sonawane et al. 2001) . The regulation of the pH of the internal milieu may thus be a phenomenon that is widely shared by the Golgi and post-Golgi elements of the secretory and endosomal pathways. In addition to the decrease in internal pH, we also find that secretory stimulation causes chromaffin vesicles to increase in size E. N. Pothos and others 470 J. Physiol. 542.2 Control 1 470 000 ± 158 000 1 615 000 ± 67 000 11.6 ± 1.7 35.5 ± 6.5 796 ± 24 (100 %) (100 %) K + 2 053 000 ± 191 000 * 1 851 000 ± 78 000 * 10.5 ± 0.9 25.6 ± 3.8 717 ± 21 (139.7 %) (114.5 %)
L-DOPA 2 541 000 ± 438 000* 2 708 000 ± 223 000 * 26.5 ± 5.5 * 9.6 ± 1.1* 500 ± 41* (172.9 %) (167.6 %)
Bafilomycin 905 000 ± 103 000 * 935 000 ± 66 000 * 5.0 ± 0.6 * 25.5 ± 2.7 988 ± 35* (61.5 %) (57.8 %)
Quantal release events recorded from control (1410 events from 24 cells), high-K + -exposed (50 mM for 40 min, 1536 events from 54 cells), bafilomycin-treated (500 nM for 70 min, 405 events from 12 cells) and L-DOPA-exposed (100 mM for 40 min, 359 events from 14 cells) bovine adrenal chromaffin cell cultures. Amplitude, t 1/2 and width are reported as mean ± S.E.M. of the values from each cell recorded. * Values are significantly different from controls with P < 0.01 by one-way ANOVA of the means. 
Control 979 000 ± 55 000 928 000 ± 17 000 15.9 ± 1.5 12.0 ± 1.0 484 ± 12 (100 %) (100 %)
Chloroquine 499 000 ± 55 000 ** 523 000 ± 22 000 ** 11.2 ± 1.8 ** 11.0 ± 0.8 588 ± 31 (51.0 %) (56.4 %) NPPB 828 000 ± 51 000 * 815 000 ± 18 000 ** 17.4 ± 1.6 11.0 ± 1.0 288 ± 10** (84.6 %) (87.8 %)
Quantal release events recorded from control (4352 events from 84 cells), chloroquine-treated (100 mM for 30 min; 934 events from 29 cells) and NPPB-treated (30 mM for 30 min; 3081 events from 99 cells) rat chromaffin cell cultures. Amplitude, t 1/2 and width are reported as mean ± S.E.M. of the values from each cell recorded. * P < 0.05 and ** P < 0.01 when compared with controls by one-way ANOVA of the means. The entire population of quantal sizes is plotted in Fig. 10 .
and undergo a change in morphology. Whether the stimulation-evoked changes in internal pH, and those in the size and morphology of vesicles, are causally related to one another or correlated events initiated by stimulation, remains to be determined. The observation that the stimulation-evoked change in the morphology of vesicles from stable to active can be mimicked by exposure of cells to agents that block acidification (bafilomycin and NPPB) indicates that the acidification of vesicle interiors that accompanies stimulation is not the cause of their acquisition of an active morphology.
The functional significance of the enhanced acidification of chromaffin vesicles evoked by stimulation was evaluated with respect to their loading with catecholamines. This study was prompted by the critical importance of the transmembrane pH gradient as the driving force behind the transport of catecholamines into vesicles. Analyses of the quantal size of secreted catecholamines suggested that the prior exposure of chromaffin cells to the catecholamine precursor, L-DOPA, and stimulation with high K + each increased the amount of catecholamine released per quantal event. Bafilomycin and chloroquine, which collapse the proton gradient across the chromaffin vesicle membrane but do so by different means, both reduced quantal size. These observations confirm the dependence of quantal size on the proton gradient of chromaffin vesicles. An increase in quantal size has previously been reported to be elicited by L-DOPA in PC12 cells and ventral tegmental neurons (Pothos et al. 1998; Colliver et al. 2000) . A decrease in quantal size was reported in hippocampal neurons in response to bafilomycin (Zhou et al. 2000) and in neurons and chromaffin cells in response to chloroquine and/or other weak bases (Van der Kloot, 1987; Sulzer et al. 1995; Mundorf et al. 1999; Sulzer & Pothos, 2000) . These observations, taken as whole, thus support the idea that the loading of chromaffin vesicles with catecholamines reflects the driving force, and is enhanced by increasing either the catecholamine concentration or pH gradients across the vesicular membrane.
The ability of stimulation to regulate the internal pH of secretory vesicles could allow a history of recent or prolonged prior stimulation to facilitate the continuation of secretion by enhancing the vesicle loading. Since the transmembrane pH gradient is also important in the loading of small molecule neurotransmitters into synaptic vesicles and, at least those of the enteric nervous system also become more acidic in response to secretory stimuli, nerve stimulation is likely to enhance the loading of synaptic vesicles in the same way that secretory stimuli enhance the loading of chromaffin vesicles. If so, then the stimulation-induced acidification of those synaptic vesicles that are loaded by pH gradient-dependent mechanisms may, by increasing the size of quantal events, provide a novel presynaptic mechanism of secretory plasticity.
The current experiments employed the trapping of DAMP to assess the internal pH of the vesicles of chromaffin cells that were presumably at rest, including cultured bovine chromaffin cells and the adrenal medullae of unstressed rats. In addition, the synaptic vesicles of enteric neurons were examined after incubation with tetrodotoxin to block the conduction of action potentials and provide a resting state. In each case, the distribution of DAMP in vesicles was found to be heterogeneous. While some vesicles were quite acidic and trapped DAMP, others displayed little or no DAMP labelling. Even more striking was the demonstrable increase in the trapping of DAMP and thus the evident acidification of the interiors of large (transGolgi network-derived) secretory vesicles of chromaffin cells and both the large and small (endosome-derived) synaptic vesicles of enteric neurons when these cells were stimulated. In contrast, the trapping of DAMP in lysosomes, which were examined as controls, was equally robust in resting and stimulated chromaffin cells and enteric axonal varicosities. The interiors of lysosomes were very acidic in both control and stimulated secretory cells; therefore, the failure of many of the chromaffin vesicles of resting cells to trap DAMP was not due to a technical problem in the demonstration of DAMP, but instead probably reflected small transmembrane pH gradients in the unlabelled organelles and larger gradients in those that trapped DAMP. The enhanced trapping of DAMP in chromaffin and synaptic vesicles following stimulation, moreover, was not due to an alkalinization of the cytosol, because the trapping of DAMP in lysosomes was unchanged by secretory stimuli. The validity of DAMP as a probe for the pH of vesicles was supported by the inhibition of DAMP labelling of vesicles by bafilomycin and the essentially similar data obtained by real-time (two-photon) analyses of the trapping of acridine orange by subcellular vesicles in living chromaffin cells in vitro.
The interiors of isolated bovine chromaffin vesicles, in contrast to those of intact cells, behave as if they are maximally acidic when they are provided with ATP and suspended in media that are thought to mimic the conditions of the cytosol (Johnson, 1988) . It is possible that the state of the chromaffin vesicles isolated from the bovine adrenal medulla reflects stimulation-induced modifications that occurred prior to the death of the animals and the collection of the glands. The slaughter of the cattle from which these glands are obtained is stressful to the animals and stress is a powerful stimulus for adrenal chromaffin cell secretion. In contrast, the rats used to assay chromaffin vesicle acidity in this study undergo little stress prior to anaesthesia. Stimulation of intact thyroid parafollicular cells, for example, has been found to cause a long-lasting change in the Cl _ conductance of the membranes of secretory vesicles and luminal acidification, which are retained by the vesicles following their subcellular isolation (Barasch et al. 1988; Cidon et al. 1991) . The Vesicular pH, volume and quantal size internal pH of isolated vesicles from bovine chromaffin cells, therefore, may appear to be maximally acidic because they were isolated from stimulated cells.
It is of interest to note that the phenomenon of stimulationinduced acidification occurred both in vivo and in vitro, was seen in different species, in more than one cell type, and was observed after the application of a number of different kinds of secretory stimulation. The injection of the nicotinic agonist, DMPP, into rats led to an even more striking decrease in the apparent pH of chromaffin vesicles (~1.8 pH units, which corresponds to a 50-fold increase in DH + , Table 3 ) than the exposure of cultured rat or bovine chromaffin vesicles to high K + (~0.5 pH units, which amounts to a 4-fold increase in DH + ; Table 1 ). Chromaffin vesicles of unstimulated rats in vivo maintained a more neutral pH than vesicles in unstimulated chromaffin cell cultures. It is possible that steps during the isolation or maintenance of the primary cultures activated the cells and induced some vesicular acidification. These factors may include loss of cell-cell contact following culture, or the presence or absence of specific components of the artificial medium or extracellular matrix.
The interiors of large dense-cored and small synaptic vesicles in enteric neurons became more acidic when enteric neurons were stimulated via voltage-gated Na + channels with veratridine or with Gd 3+ via the G-protein-coupled plasmalemmal Ca 2+ receptor. Similarly, the secretory vesicles of parafollicular cells, which also express this Ca 2+ receptor, have been reported to be acidified by stimulation with thyrotropin (Barasch et al. 1988) , high K + (McGehee et al. 1997) , high extracellular Ca 2+ (Tamir et al. , 1996 , or Gd 3+ (Tamir et al. 1996) . The coupling of secretory stimuli to the acidification of the interiors of secretory vesicles may thus be independent of the type of secretagogue and applicable to a variety, if not all, types of cell. Conceivably, acidification of storage organelles may be an integral component of regulated secretion. The current investigation appears to have been the first to examine the effects of stimulation on the internal pH of secretory vesicles in vivo.
An increase in the size of the secretory vesicles of chromaffin cells following stimulation has been reported previously and confirmed in the current study (Ornberg et al. 1995) . The average volumes of chromaffin vesicles were found to increase significantly both when cells were stimulated in vitro with high K + and in vivo with DMPP (Tables 1A and 2) . Stimulation also induced a change in the morphology of vesicles. In resting cells, the predominant vesicles (~85 %) were those in which the limiting membrane was typically closely apposed to a well defined dense core. In a much smaller proportion (~15 %) the limiting membrane was separated from an ill-defined core by a clear halo. Since stimulation increased the proportion of vesicles with halos (to ~50 %) at the apparent expense of those without (see Table 2 ), the vesicles that lacked halos were defined as stable and those with halos were defined as active. The stimulation-induced increase in the ratio of active to stable vesicles (from 0.19 to 0.99) suggests that active vesicles are derived from stable vesicles. The stimulation-induced increase in vesicular size in the population of chromaffin vesicles taken as a whole was mainly due to the increase in the proportion of active vesicles, which are larger than stable vesicles (see Table 1 ).
The trapping of DAMP was most evident in the population of vesicles defined as active, which thus are more internally acidic than their stable counterparts; moreover, the active vesicles of stimulated chromaffin cells are also more acidic than those of resting cells. The volume of isolated mast cell vesicles has been shown to increase due to alterations in transmembrane osmotic gradients (Brodwick et al. 1992) . The swelling of chromaffin vesicles in stimulated cells has also been reported previously along with evidence that the phenomenon is related to secretory stimulation and vesicle acidification (Ornberg et al. 1995) . Whether an altered osmotic gradient is responsible for the stimulationinduced increase in the volume of chromaffin vesicles in intact cells remains to be demonstrated. The stimulationevoked increase in vesicle size was inhibited both by bafilomycin and by NPPB, both of which decreased the acidity of chromaffin vesicles. These observations are consistent with the possibility that the stimulationinduced increase in vesicular volume is acidificationdependent; however, other explanations of the effects of these drugs on vesicular volume are possible. Bafilomycin and NPPB were found to exert complex effects on the numbers of vesicles and the proportions of stable and active vesicles. The drugs may thus cause changes in exocytosis and vesicular dynamics that are unrelated to their known actions as inhibitors, respectively of vH + -ATPase and flux through chloride channels. Alternatively, the effects of bafilomycin and NPPB on exocytosis and vesicular dynamics could be indirect and due to actions on the vH + -ATPase and chloride channels of membranes other than those of chromaffin vesicles. Both bafilomycin and NPPB are likely, for example, to affect the Golgi apparatus, the cisternae of which are internally acidified by vH + -ATPase. Such an effect might explain the larger numbers of smaller chromaffin vesicles found in cells exposed to these inhibitors. NPPB, in particular, might also decrease the volume of the cytoplasm by affecting the chloride channels of the plasma membrane. Such a change would account for the NPPB-associated increase in the numbers of chromaffin vesicles per unit of cytoplasmic volume ( Table 2 ).
The observation that the chromaffin vesicles that become most internally acidic following stimulation are those with an active morphology is consistent with the idea that acidification is a prelude to exocytosis. Chromaffin vesicles contain a variety of proteins and peptides as well as catecholamines (Winkler, 1993) . The catecholamines enter the vesicles by transmembrane transport (Johnson, 1988) , but the proteins and peptides do not. They are packaged in the vesicles at the time of their formation in the TGN. Chromaffin vesicles are thus more analogous to the TGNderived large dense-cored vesicles of synapses (Winkler, 1993) than to the small endosome-derived synaptic vesicles, which recycle (Hannah et al. 1999) . Consistent with these ideas, active vesicles do not appear to arise from recycling of chromaffin vesicles. When cells were stimulated to secrete in the presence of the plasma membrane marker, cationized ferritin, the marker appeared in endosomes, but not in chromaffin vesicles. The stimulation-induced increase in the internal acidity of chromaffin vesicles therefore must occur prior to exocytosis and not afterwards in recycled vesicles. Similarly, the active morphology of chromaffin vesicles must also be acquired prior to exocytosis, and reflect an effect of cellular activity upon the vesicles. The independence of stimulation-induced acidification of secretory vesicles from their subsequent exocytosis was confirmed by the observation that stimulation-induced vesicle acidification was not altered in Neuro-2A cells by the stable expression of botulinum toxin type E to prevent exocytosis.
Relationship between vesicle acidification, volume and quantal size
It is notable that the subfraction of events in which stimulation increased quantal size (66 %) was similar both to the fractions of vesicles that were induced by stimulation to become more internally acidic (64 %; see Table 1 , percentage of DAMP-labelled vesicles) and greater in volume (58 %; Table 2 ). Taken together, these observations are consistent with the possibility that the vesicle subpopulation that is increased in quantal size by stimulation is the same as that that is also increased in internal acidity and volume. Empirical studies with isolated chromaffin vesicles have shown that their accumulation of monoamines is a function of three vesicle/ cytosol gradients: (i) the catecholamine concentration gradient, [A] (Njus et al. 1986; Johnson, 1988 ). In the current experiments, changes in both the transmembrane catecholamine and H + concentration gradients were found to be associated with an increase in quantal size, suggesting that each of these changes increases the content of releasable catecholamine in vesicles. Additional factors, including osmotic gradients and the ability to synthesize dopamine in the cytosol, are also likely to affect the vesicular accumulation of catecholamine.
It has recently been reported that the catecholamine precursor, L-DOPA, increases the volume of the catecholamine-containing vesicles of PC12 cells by expanding the halo that separates the dense cores of these vesicles from their limiting membrane (Colliver et al. 2000) . Exposure of PC12 cells to L-DOPA has also been found to increase the quantal size of secreted catecholamines (Pothos et al. 1996; Colliver et al. 2000) . The stimulationinduced increase in the vesicle volume and quantal size in chromaffin cells observed in the present study are thus consistent with similar observations made with PC12 cells, which are a chromaffin cell-derived tumour cell line. In contrast to these data, which induce perturbations that increase quantal size, reserpine, which in PC12 cells decreases quantal size (Kozminski et al. 1998) , decreases the volume of their secretory vesicles (Colliver et al. 2000) . These observations suggest that changes in the content of catecholamines may be reflected in the size of vesicles. The reductions of quantal size and the volume of vesicles resulting from exposure to vH + -ATPase inhibitor, bafilomycin, and the chloride channel blocker, NPPB, found in the current study are all consistent with this suggestion.
Possible mechanisms of stimulation-induced vesicle acidification
A variety of mechanisms can be envisioned that might couple stimulation to the acidification of the interiors of secretory vesicles. Changes in the activity of vH + -ATPase and/or vesicular Cl _ channels could account for an increased influx of H + into vesicles. In thyroid parafollicular cells, the plasmalemmal Ca 2+ receptor is linked to the acidification of secretory vesicles and to exocytosis by different G-protein-coupled pathways (Tamir et al. 1996) . In these cells, the activity of vH + -ATPase appears to be constitutive and stimulation enhances the acidification of vesicles by increasing permeation through a chloride channel in the vesicular membrane, which prevents the development of a DC, which would otherwise limit the influx of H + (Barasch et al. 1988; Cidon et al. 1991; Tamir et al. 1994 Tamir et al. , 1996 . Synaptic vesicles of transgenic mice that lack a chloride channel, ClC-3, have been reported to be deficient in synaptic vesicle acidification (Stobrawa et al. 2001) . Cl _ permeability has also been found to regulate DpH of other components of the cisternal space of cells, including lysosomes, endosomes, the Golgi apparatus and beta cell insulin granules (Rybak et al. 1997; Forgac, 2000; Grabe et al. 2000; Barg et al. 2001) . The effects of NPPB observed in the current study are consistent with the idea that the influx of H + into chromaffin vesicles is similarly dependent on the ability of Cl _ to serve as a counterion. Whether stimulation increases the acidity in chromaffin vesicles by gating a chloride channel remains to be determined. The requirement for extracellular Ca 2+ in the regulation of stimulation-dependent vesicle acidification is consistent with a role for Ca 2+ in a second messenger cascade (Bae & Verkman, 1990; Tamir et al. 1996) . The requirement for extracellular Ca 2+ is unlikely to be due to Ca 2+ -induced exocytosis, however, because the stimulation-induced Vesicular pH, volume and quantal size acidification of secretory vesicles (of chromaffin and Neuro2A cells) was found, in the current study, to be independent of exocytosis.
It has been reported recently that the vesicles of PC12 and mast cells can alkalinize just prior to exocytosis (Han et al. 1999; Williams & Webb, 2000) . While the mechanism of this phenomenon is unknown, it can occur within seconds of secretion and is related to the deprotonation of intravesicular proteins or peptides, which facilitates their decondensation and release to the extracellular milieu. The alkalinization of these vesicles is different from the stimulation-induced acidification of chromaffin vesicles, which results from prolonged stimulation over many minutes. Conceivably, chromaffin vesicles might also become more alkaline in the seconds prior to their fusion with the plasma membrane. This possibility was not investigated.
Possible mechanisms of stimulation-induced changes of vesicle volume
The small acetylcholine-containing synaptic vesicles of motor nerve terminals at neuromuscular junctions do not expand in volume when extravesicular osmolarity is decreased (Van der Kloot & Spielholz, 1987) . This lack of a response has been attributed to a corresponding change in the surface tension of the vesicular membrane (Johnson & Buttress, 1973) . In contrast to these synaptic vesicles, however, the large secretory vesicles of mast cells can increase in diameter by as much as 73 % when they are exposed to hyposmolar media (Brodwick et al. 1992 ). The mast cell vesicle membrane was observed to expand more than the matrix, so that a halo formed around them, which resembles those we observed in the active vesicles of chromaffin cells. The stimulation-induced increase in the volume of chromaffin vesicles may also be partially due to vesicle-vesicle fusion with subsequent 'compound exocytosis', as has been demonstrated in stimulated mast cells (Scepek & Lindau, 1993; Williams & Webb, 2000) . Intragranular membrane has also been suggested to be donated to the membranes of vesicles (Ornberg et al. 1986; Engel et al. 1991) .
Possible functions of stimulation-dependent acidification of secretory vesicles
The stimulation-induced regulation of intravesicular pH may be involved in a number of functions. A DpH gradient across the vesicular membrane is required for uptake of cytosolic transmitter. Besides the uptake of small molecules for secretion, these may include the regulation of the activity of enzymes with acidic pH optima (Orci et al. 1986) , the enhancement of the vesicular accumulation of Ca 2+ (Goncalves et al. 1999) , and enabling secretory products to decondense and/or dissociate from elements of the vesicle matrix to which they may be bound (Jankowski et al. 1994; Aspinwall et al. 1997; Han et al. 1999) .
A recent amperometric study carried out with chromaffin cells has independently confirmed our finding that stimulation increases the quantal size of events resulting from the exocytosis of a subpopulation of vesicles (Elhamdani et al. 2001) . In that study, the authors speculate that the increase in quantal size may be due to the formation of a more stable fusion pore, or to a full fusion of the vesicle with the plasma membrane, allowing more intravesicular transmitter to be released. This interpretation may be consistent with stimulation-induced vesicle acidification. Recent studies on the fusion of secretory organelles in yeast suggests that counterion-regulated vesicle acidification enhances exocytosis through an effect on SNARE proteins (Maechler & Wollheim, 1999; Rorsman & Renstrom, 1999; Ungermann et al. 1999) . Alternatively, acidification of the vesicle lumen may be required for formation of the exocytotic fusion pore independently from an interaction with the SNARE. In pancreatic beta cells, the acidification of secretory vesicles appears to be required for refilling a pool of readily releasable vesicles (Barg et al. 2001) . In yeast, vacuolar fusion may be mediated by the integral membrane V o subunit of the vH + -ATPase itself and may also be facilitated by a H + gradient (Peters et al. 2001) . In the present study, fusion promoted by increased intravesicular acidification could occur either at the plasma membrane, potentiating exocytosis, or between vesicles, increasing vesicle volume.
